In-situ studies of the kinetics of the nucleation and growth of the ' phase, as well as of the phase strains in the single crystal Nibase superalloy SC16 were carried out by means of neutron and high-energy synchrotron radiation diffraction. The investigations were aimed at a better understanding of the fundamental kinetic phenomena, in view of the optimization of the heat treatments applied prior to the industrial use of the alloy, and at monitoring the evolution/relaxation of the interphase strains during the microstructural changes. Measuring superlattice reflections allows the different stages of decomposition, nucleation, growth and concurrent coarsening to be followed by in-situ neutron diffraction. Results show that at temperatures T 1490 K (a critical undercooling of about 30 K is found) an increasing volume fraction of ' can be found with decreasing temperature, until a saturation at around 1100 K occurs. Following classical kinetics theory, an Avrami-like growth (time) law was used to model the volume fraction time behaviour.
Introduction
The development from polycrystalline to single crystal turbine parts has led to an improvement of the mechanical properties and an increase of the operating temperature of Nickel base superalloys. The superalloy SC16 belongs to the first generation of single crystal materials for stationary turbines and to the low ' volume fraction (about 40%) alloy class. Its composition is given in Table 1 . Although more advanced alloys have been developed, which contain heavy refractory elements, the low number of compositional elements in SC16 gives the advantage of an easier modeling of the diffusion properties.
The exceptional performance of single crystal superalloys comes from the particular arrangement of the precipitate phase, ', which is isostructural with the fcc matrix in which it is embedded coherently, but is ordered (Ni 3 (Al,Ti)) with a L1 2 structure. A very high shear resistance at high temperature, along with an increase of the flow stress around 1000-1100 K [1, 2] , renders these alloys particularly attractive. While cooling the alloy SC16, after being homogenized at 1525 K (usually for 3 h), the ' phase builds up at around 1425 K, but its final form (usually cuboidal) and size (usually around 400 nm edge) are only achieved after an ageing treatment for 24 h at 1125 K. This is called the 'standard heat treatment', SHT, for this alloy [3] . There are three driving mechanisms which rule the kinetics of the ' phase [4] : the interfacial energy, ' , the coherency energy, E , and the Helmoltz energy of ' nucleation, F ' . For a (spherical) particle of radius R they combine as 
with a , , a ' as the lattice parameters of the and ' phase, respectively, this quantity will be proportional to the coherency strains between the two phases. The coherency strain strongly influences the creep behavior of the alloy [5, 6] . Concurrently, the amount of diffusion alters the volume fraction, the size and the form of the ' particles, so that both energy terms E and F ' are very important for the evolution of microstructure and mechanical properties. Upon cooling to just below the solvus temperature (T 0 ) of the ' phase, one can find a temperature where ' starts forming, depending on the Al and Ti concentrations. If we cool further, and age for a sufficiently long time, a growth and competitive coarsening of the ' particles is expected to occur, but still nucleation of new small particles will take place at the beginning of each treatment. Some investigations have already been performed by TEM [3, 7, 9] on quenched samples and others were conducted starting from the SHT condition and then heating up to 1470 K [10, 11] , using synchrotron radiation diffraction. However, under such conditions, no nucleation of new '-precipitates occurred. In the present work the experimental difficulty of working in the small The scope of this work was to focus on the early stages of the ' nucleation, where the volume fraction belonging to a particular ageing temperature is still a function of time. Real-time neutron and synchrotron radiation diffraction were used. Neutron and synchrotron radiation diffraction have been very advantageously employed for in situ real-time studies [10, 11] , because of the reduced counting times with respect to conventional x-ray sources [12] and the versatility of the sample environment (this can be at least problematic for other standard techniques). Moreover, the intensity and resolution achievable at a synchrotron beamline are at least one order of magnitude higher than the most advanced laboratory method, like convergent beam electron diffraction (CBED).
We proceeded in a similar way as in [14, 15] : we followed the classical nucleation and growth theory [16] , which predicts an Avrami time law for the evolution of the transformed (i.e. precipitated) volume fraction. By means of in-situ isothermal ageing, we have then extended the investigation to the successive growth and coarsening processes, attempting to investigate the character of the reaction as a function of time and temperature. Indirectly, the effect of the energy terms in equation (1) on the reaction could be observed. Neutron diffraction was particularly useful to determine the evolution of the volume fraction of the ' phase, while synchrotron radiation allowed determining the lattice parameter of the two phases, thanks to the high resolution achievable. Therefore, the present work describes the real-time evolution of both the volume fraction of the and ' phases and of their lattice mismatch at several temperatures, starting from the solutionised state (i.e. cooling from the solvus temperature T = 1525 K). It also discloses the stabilization and the relaxation of the coherency strains during long ageing treatments. Finally, it opens the possibility for future in-situ investigations, as well as for industrial on-line process control.
Experimental Details
A high-temperature mirror furnace [17] , see Fig.1 , capable of reaching more than 2000 K with a temperature uniformity of 5 K within 5 5 5 mm 3 at the sample position, was used for all in-situ investigations. It also allows the sample environment to be flowing inert gas or vacuum, in order to suppress oxidation as much as possible. Those options were not used, since for neutron and high-energy synchrotron radiation diffraction oxide layers play a minor role. In fact, working in air environment gives the advantage of easy optical inspection. Neutron diffraction and synchrotron radiation are particularly advantageous techniques to follow real-time transformations with a half-life of about 15 down to 1 minute time-scale, respectively. Their penetration into matter allows the use of relatively big samples. The samples basically need neither machining nor chemical etching. As already mentioned, they both completely disregard the presence of the oxide layer, which inevitably forms at high temperatures. Finally, the availability of high-temperature furnaces for neutron diffractometers is of capital importance for this kind of investigations. Those advantages render neutron and synchrotron radiation diffraction better suited to this kind of investigation, particularly with respect to laboratory techniques. and Hamburg (BW5). In both cases a lighter version, without the central aluminum ring, was used to facilitate optical inspection.
Neutron diffraction measurements were carried out at the BER II reactor of the HMI-Berlin, Germany, on the E3 diffractometer [18], equipped with a position sensitive detector (PSD). A wellcollimated primary beam (10' primary and secondary collimation, respectively upstream and downstream of the monochromator), was used with wavelength = 1.370 Å and a beam size of 3 5 mm 2 (the sample size was 5 5 8 mm 3 ). The 200 and 400 + ' and 300 ' (superlattice) reflections were exploited, as the scattering properties of the alloying elements to neutrons (listed in Table 1) give different structure factors for the alloy mixture and the ' Ni 3 (Al,Ti) stoichiometric compound [19] . The time resolution to acquire reasonable statistics was around 5-10 min. Measurements were done with the sample at the Bragg position in the and tilting angles for all the peaks. Synchrotron radiation diffraction measurements were performed on the high-energy beamline BW5 of the HASYLAB facility at DESY, Hamburg, Germany [20] . On BW5, a 'three crystal' configuration was used, with Si-(220) perfect monochromator and analyser crystals. The wavelength used was = 0.1129 Å (corresponding to an energy of E = 109.8 keV) and all measurements were performed in the so-called (+,-,+) mode [21] . A beam size of 3 3 mm 2 was preferred to speed-up data acquisition. Nevertheless, to acquire peaks with sufficient resolution (2 step of down to 2.5 10 -4 °), a total counting time of about 5 minutes was required for each peak.
Three other samples were investigated on the beamline PETRA II at HASYLAB, Hamburg, Germany [22] , with a similar experimental arrangement, since the two beamlines share the same general layout. Those samples were pre-aged at 1270 K for 25h and 100h and at 1120 K for 150h (and quenched to freeze their microstructure). All samples, with size 5 5 8 mm 3 , were cut from the same single-crystal ingot. They were previously oriented in a Laue Camera, with faces parallel to the {100} lattice planes. The two sets of measurements were somewhat complementary. On E3, in spite of the relatively low resolution, the scattered intensity proved to be enough to follow the phase kinetics. In order to keep reasonable counting times, a coarse 2 angular step was used (0.2°). Measurements on BW5 were aimed at a better angular resolution. This is why the time resolution was slightly sacrificed for the angular one. A stepwise temperature profile was adopted on E3, using reasonably long ageing times for each temperature value (see Fig.2 ). On BW5, a saw tooth temperature profile ( Fig.2 ) was adopted. In this case, longer ageing times were used at 1270 K and 1120 K. This allowed monitoring also the coarsening stage of the reaction at each ageing temperature, as the volume fraction saturates. The sample temperature was monitored by a Pt-PtRh thermocouple in constant thermal contact with the sample. A shallow hole of the same diameter of the thermocouple was drilled in the sample and the thermocouple was fitted into it. The Eurotherm controller allowed a fine temperature tuning (up to 3 K), in a very short time (about 2 min), so that the bigger source of error in the temperature determination came from the inhomogeneity of the focusing region. The whole sample must be thought to undergo gradients up to 50 K, so that all temperatures suffer from an uncertainty of up to 25 K. for sake of clarity, above T c = 1475 K, but ' starts forming also around 1495 K. Longer ageing times were chosen at 1280 K and 1120 K on BW5 (profile not shown).
Results

E3
The main parameter to calculate the volume fraction of the precipitate phase and its time evolution was the superlattice reflection peak area normalized to that of the nearest fundamental reflection [15, 23] . This brings relative values, which are instrument independent. The integrated intensity was always calculated fitting each peak with a simple Gaussian function. This is reasonable for the superstructure reflections, which are expected to have a symmetric profile. The fundamental 200 and 400 reflections present a degree of asymmetry, which is proportional to the volume fraction of ' and to the coherency strains (the lattice misfit , see [24] ). However, the resolution of the instrument allowed the detection of some profile asymmetry only to a small extent. We considered the ratios of the 300 peak areas (PA) to the standard reflection 200, and we could draw the behavior of the integrated intensities as a function of time and temperature. This is represented in Fig.3 . The whole profile shows, in the inset, the behavior of the volume fraction, calculated as below. As expected, it increases with the undercooling from the solutionising temperature (1525 K). If we assume, after the experimental results of [3, 10, 24] , that at 1100 K the volume fraction f lies around 40% (i.e. f is essentially the same as at RT), then f decreases as a function of temperature, as shown in the inset in Fig.3 .
Although the element partitioning has not yet been thoroughly studied and is not known exactly at very high temperature, the ' chemical composition will not vary significantly from that found at RT with atomic force microscopy (AFM) by Zhang et al. [25] . It can be then assumed that the scattering properties (see Table 1 and the discussion below) of the alloy do not vary when going from low to high temperatures. In addition, it was observed that time/temperature evolution of the 200 reflection shows a constant behavior, within the error bar. Finally, the measured integrated intensity of the fundamental reflection 200 is a factor of 9 to 10 larger than that of 300, i.e. the ratio I 200 /I 300 ~ 10. This is in good agreement with the theoretical predictions. In fact, if b is the scattering length for thermal neutrons (Table 1) Table 1 ).
BW5.
The typical order of magnitude of is about 10 -3 . Therefore, the separation of the and ' peaks would require a resolution of about 5 10 -4 . This was impossible to achieve with neutron diffraction, also because of the much bigger beam angular divergence of neutron with respect to synchrotron radiation beams. On the other hand, on BW5 the resolution, measured with a perfect Si-(220) single crystal at sample position, easily reached 5 10 -5 . This allowed to record not only the and ' peak positions, but also to see the further peak splitting due to the dendritic structure typical of these alloys. Particle of different sizes are present, depending on their location as shown in Fig.4 . Correspondingly, the diffraction patterns show many peaks other than the main and ' (see [26] for a thorough discussion).
The necessity of using a fine step-scan to reveal all the details of the diffraction patterns, still limiting the counting times, obliged us to use only the fundamental reflection 200 at high temperatures. The superstructure reflection 100 was mapped at room temperature and on the 3 pre-aged samples mentioned above [26] . The results of the real-time measurements are shown in Fig.5 and Fig.6 . The intensity of the two main peaks follows a specular behaviour, as expected. While the ' phase grows, the phase volume fraction f decreases. In Fig.5 the total sum of the intensities was normalised to 1. Fig.3 -Normalised ' peak area as a function of temperature and time. Measurements were done on E3, HMI, Berlin. In the inset the calculated volume fraction f (its saturation value at each temperature) is shown. The calculation assumes that at 1100 K f = 40%
As mentioned above, only the main and ' peaks were taken into account in the intensity and lattice parameter calculations. The presence of the reported sub-peaks was basically neglected, because they have a very small integrated intensity and their origin is not clear. In fact, not only the '-depleted matrix regions and interdendritic areas, but also the precipitation of TCP (topologically close packed) phases, mentioned in [27, 28] can bring about additional diffraction contribution. The results of the lattice mismatch calculations, as defined in Eq.(2), are shown in Fig.6 . The behavior of the integrated intensity shown in Fig.5 is very similar to that of Fig.3 . At 1120 K the ' phase seems to have slightly more than the theoretical 40% volume fraction, but this is due to the presence of the extra phase peaks, as mentioned above. On discarding them, one also discards the small amount of volume fraction missing for an exact match with the theoretical balance. Fig.4 -Microscopic consequences of the dendritic structure in the SC16. In the interdendritic zones the particles become bigger, their shape is irregular and they are not as ordered as in the dendritic zones.
The behaviour of the misfit, as measured in-situ on BW5, (Fig.6 ) is decaying at every temperature, as the ' integrated intensity. The behaviour of the misfit, as measured on PETRA II, Hasylab, Hamburg, Germany, for the three pre-aged samples at 1270 and 1120 K is shown in Fig.7 . 
Discussion
At each ageing temperature the time evolution of the integrated intensity ratio between superlattice and fundamental reflections or the volume fraction f vs. time t satisfy a Johnson-Mehl-Avrami's law [14, 29, 30] , if we assume a classical kinetic theory. The temporal behaviour can be written as
where c is a multiplying factor, n is an exponent which defines the character of the reaction [31] and f 0 is the saturation level (in arbitrary units). An example is shown in Fig.8 .a.
Results of the Avrami analysis are summarized in Table 2 . We note that below 1480 K, the exponent n increases going from values 1.5 to values > 1.5 and then comes back to values 1.5. Above 1480 K the exponent lays around 4. If we follow [31, 32] , when n 1.5 ( 1.5) the nucleation rate is about constant (increases), namely its derivative is zero (positive) and the reaction is bulk (i.e. diffusion) controlled. If n ~ 4 then the reaction is strongly surface controlled [32] and the main contributions to the nucleation rate are the rate of transmission across the interface and the diffusional growth of very small objects [31, 32] . In other words, the geometry of the particles (large surface-to-volume ratio) drives the reaction to be surfacecontrolled, but long-range diffusion is obviously always present. The relatively big error in the determination of n is due to the strong coupling of the fitting variables in Eq.(3). The variation of the exponent seems to be genuinely due to the change of the reaction character, as the two sets of results corroborate each other. An example is given in Fig.8 .b. We can also define the relaxation rate W for the misfit as the inverse of the half-life displayed in Tab.3. Although at some temperatures a relatively large error was found, the behaviour of as a function of time can be clearly recognised and the fit was done weighting on the experimental errors. The half-life for relaxation is displayed in Table 3 .
At each temperature, after cooling down from the solvus point, nucleation is expected to be the driving mechanism for the solidstate reaction in the first stages. We have seen above that nucleation is replaced slowly by growth and, after long times (t > 4h), by coarsening. Therefore, for what the misfit is concerning, we can guess that, at high temperatures (T > 1370 K), particles are born coherent and their mismatch is initially very low (the lowest compatible with the difference in thermal expansion coefficients, CTEs, between the two phases). As the time goes on, the ' particle size increases, and the misfit becomes larger (i.e. more negative). Below 1250 K, the coarsening rate is very low and at 1100 K the misfit is basically constant from the very early stages (see Fig.6 ). This strongly supports the idea that newly nucleated particles drive the time evolution of and that the misfit depends essentially on the difference of CTE, as confirmed by neutron diffraction [33] . At each temperature, the asymptotic value of the misfit is reached once the ' precipitates become fully incoherent to the matrix. This has been checked with long-term ageing at 1370 K (for 25h and 100h) and 1120 K (for 150h), see Fig.7 . After the initial time decay, in both cases the misfit stays constant until 170 h ageing treatment. This proves that diffusion, which for example tends to smear the dendritic structure, plays an eminent role during nucleation only, and the element partitioning between and ' does not influence , if it ever changes significantly. In the parentheses of Tab.3 the values obtained by neutron diffraction, as measured on the powder diffractometer E9, at the HMI, Berlin, Germany, are presented. The small discrepancies between the two sets of results can be explained by means of the different temperature profile adopted (on E9 a cascade ladder-like profile was used, like on E3).
We can now apply a simple model to the reaction rate W and to the relaxation rate W [4, 32, 34] . The reaction rate W increase with diffusion, that is with increasing temperature, approaching the solutionising limit T 0 = 1525 K, as an energy activated process, which follows an Arrhenius behaviour
where Q is in our case a sort of 'average' activation energy and R the gas constant. However, in our case Q has no particular meaning, since the reaction changes its character. W should also increase with the undercooling T = T 0 -T, simply because, in a quasi-static process, the volume fraction of the precipitate phase is proportional to ( T) ( 1) . A minimum undercooling ( T S = supercooling) has been found in classical works [35, 14] . This has a strong dependence of the alloy composition. This was confirmed in the present work, as no significant increase of the superlattice reflection integrated intensity has been observed above 1500 K, within a reasonable time. We found that T S ~ 30 K. Finally, the temperature dependence of W can be written as
According to [4, 36] , the exponent assumes the value of 2 when bulk processes occur, whereas = 3 when surface controlled reactions play an eminent role. This is shown in Fig.9 . Fitting the W data obtained from Eq.(4) with the function (7), we note that, although both models ( = 2 and = 3) can be well applied, the best fitted nucleation exponent is 2.7 (the residuals are smaller). This would imply a mainly (but not completely) surface driven nucleation and growth reaction. These findings reflect what the Avrami exponents suggest (Table 2) , confirming the statements above. Thus, it can be concluded that the Avrami analysis has been carried out self-consistently and the meaning of 'mainly surface reaction' must be taken, loosely, as driven by surface energy in competition with bulk diffusion processes. In other words the particles in the early stages of the reaction have still too a large surface/volume ratio for the nucleation and growth to be treated as bulk phenomena. The temperature where W reaches its maximum (T max ) was found to lay around 1320 K. The misfit relaxation rate W also follows a pseudo-Arrhenius law (7), but for different reasons: W decreases with the amount of diffusion and decreases with the undercooling. Therefore a law such as Eq. (7) can be used, with = 1. This analysis is shown in Fig.10 . The behavior of W vs. T has a maximum around 1420 K (Table 3) . The difference between the two maxima can be explained with the different nature of the phenomena under examination. The misfit influences and represents essentially the E (strain energy) contribution to the energy balance, while the Integrated Intensity comprises strain, interface and diffusion energies. At high temperatures, diffusion is so strong and the particle size is so small, that the strain relaxation is slow. At intermediate temperatures the misfit relaxes more rapidly towards its asymptotic value, which implies that diffusion is overcome by the elastic energy. At relatively low temperatures there is little diffusion and the particles are already big and stable (the nucleation rate is smaller), so that the strains doesn't relax at all.
The results on the total reaction rate W are in agreement with expectations of kinetic theory: at the beginning, the reaction is surface controlled, because the particle surface-to-volume ratio is very large. Then, bulk diffusion phenomena take over, as the size of the particles becomes more important. It can be reckoned that at the beginning the strain energy is very low because even if the misfit is high, because the particle volume fraction is very small. Therefore the nucleation energy F ' has to compete only with ' . At lower temperatures, the elastic term E in Eq.(1) gets more importance and the reaction proceeds by conventional nucleation and growth.
Finally we note that at each temperature, the misfit (and indirectly the coherency strains) relaxes after 2-4 h and reaches its asymptotic value. If coherency would be lost only in longer times, the value of would change also during long-term ageing, whereas we found it constant. This is confirmed by SEM images (not reported here, see [38] ), which show ' dendrites, typical of a structure without coherency at interface. The asymptotic values of the misfit at each temperature are displayed in Fig.11 . Here, the data obtained in [37] are also shown, as collected heating a SHT sample from RT up to 1170 K. A kind of hysteresis can be seen, and values of during cooling are always smaller. However, it must be noted that:
The temperature where approaches 0 seems to be the same in both cases, i.e. about 770 K The microstructure of the alloy after SHT is much more "regular" than that during any of the ageing treatments used in the cooling process (i.e. the arrangement is periodic and the shape is smoothly cuboidal rather than polyhedral).
Therefore, we can assume that E (T) is the same function regardless of the process (depending only on the balance between shape and misfit effects), while (T) is also a function of the process underway, i.e. of the microstructure. If we combine all the results shown in this work, we are able to draw some interesting conclusions. In [37] it was found that the lattice misfit of a SHT (or of an as-cast) sample does depend mainly on the difference in the thermal expansion coefficient (CTE) of the two phases. The present results confirm and extend this finding: The hysteresis shown in Fig.11 can be explained if we suppose E (T) being the same function of T during both cooling and heating, while the shape and the size (and their distributions) of the particles are different according to the process. In such a way can then get different values at the same temperature, if measured during heating or cooling, although the CTE difference must not depend on the process (heating or cooling). Fig.11 -Behavior of the misfit during cooling and heating (see [37] ). The misfit is positive at room temperature and goes to zero at about 770 K.
SC16-Misfit
Conclusions
In the present work the authors tried to cast a new light on the kinetics of technical (i.e. non-ideal) Nickel-base superalloys: A 'real time' study of the ' volume fraction, using in-situ neutron diffraction was performed in order to follow first the dissolution and then the early stages of the ' particle nucleation and growth as well as the successive isothermal coarsening. The investigation started directly from the solvus point (1525 K). This procedure follows closely the heat treatment route of industrial components According to classical kinetic theory, an Avrami-like time dependence of the normalized integrated intensity of the superlattice reflections was used to model the varying ' volume fraction f at each temperature as a function of time. A stepwise temperature profile was used. It was found that the Avrami exponents change from values around 4 down to values around 1.5 and then grow up again to 1.8. Thus, a simple Arrhenius behavior cannot describe the early stages of the ' precipitation and growth in this Nickelbase superalloy. Starting from simple classical kinetics considerations, a modified (pseudo) Arrhenius model was successfully used to fit the temperature dependence of the reaction rate. Although this model is adopted to describe discontinuous eutectoid reactions like bainite growth in steels [32] , i.e. in a completely different context, its empiric use here allows describing competing bulk and surface effects. An increase of the reaction rate W with undercooling (decreasing temperature) appeared, followed by a decrease below ~1300 K. The W vs. t curve seems to be well described by a nucleation term ( T) , with 2.7 for surface driven discontinuous reaction with bulk reaction influences, and an 'average' growth Arrhenius term. Also the real-time variation of the -' lattice misfit was followed in an analogous manner, at several ageing temperatures, using synchrotron radiation diffraction. A relaxation from coherent state to an incoherent and probably unstrained one was observed at each temperature. The misfit goes from a relatively low value (near -1 10 -3 for most temperatures) to an asymptotic value, which decreases as the sample is cooled down. Longer ageing times did not change the value of the misfit, thus suggesting that: a) diffusional composition changes do not affect the value of as a function of time, b) the reported loss of coherence takes place within 3h time at each temperature. Point a) is particularly important if we consider that the microstructure changes: the ' particles coarsen and the dendrites fade slowly. Point b) underlines that the misfit stays constant while particles are relaxing their strain, owing to the loss of coherency. The relaxation rate has its maximum around 1420 K. This means that the strain energy will play an eminent role, at this temperature, during the early stages of nucleation. A hysteresis has been found in the heating/cooling cycle, as retrieved from present and previous data. This is explained assuming that E (T) is the quantity strictly depending on the -' CTE mismatch, not itself.
